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Abstract 
Laboratory impact experiments on meter-scale targets were conducted to explore collisional outcomes pertinent to the problem of 
hazardous asteroid mitigation. In particular, the primary aim of the experiments was to improve our understanding of how the energy 
needed to fragment and disrupt an asteroid scales with size, such that mitigation strategies could better incorporate this parameter. 
Previous researchers found that this critical disruption energy decreased with increasing target size. A secondary goal of the research was 
to investigate post-impact other factors that might be affected by target size-scaling such as ejecta translational and rotational velocities. 
Preliminary results will be presented for these parameters such that comparisons to the asteroid population can be made in the future. 
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Introduction 
Understanding asteroid impacts involves modeling a size range for bodies that can extend from centimeters up 
to 10’s of kilometers in diameter. Previous numerical modeling has resulted in a range of predicted size-scaling 
laws (see Holsapple et al. [1]), but the prevailing hypothesis is that asteroids will need less impact energy per 
unit mass to be completely fragmented the larger they get in the strength regime, and then slowly require more 
impact energy as the gravity regime begins to dominate. Since we have never seen an actual large-scale asteroid 
collision in real-time, we lack understanding of the collisional outcome which hinders our predictive capabilities 
for what fragment sizes might be produced, how fast they will be traveling, or whether they will be rotating (or 
tumbling). Numerous laboratory impact experiments have been performed at centimeter size-scales in the 
strength regime (e.g., Housen and Holsapple [2]) to enhance our knowledge base and help verify size-scaling 
theoretical predictions (Ryan [3]). In this study, we embark on extending the experimental results to meter size-
scales and analyze the outcomes to detect any dependence on target size. We believe that finite targets are the 
best approximation of asteroids when investigating small target deflection/disruption.  
2. Experiment Set-up 
Impact experiments were performed at the New Mexico Institute of Mining and Technology’s (NMT) 
Energetic Materials Research and Testing Center (EMRTC) using the facility’s powder gun and 4 targets of 
differing sizes and shapes. The “model” asteroid targets were made of a mixture of cement and silica sand (#30), 
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which is a good material analog to real asteroids, and the projectiles were 1018 steel, seated in a Polylux sabot.       
Table 1 shows the experiment initial conditions for the 4 planned impacts. The projectile mass (~1 kg) and type 
was held constant for all of the impact shots. Target sizes and shapes were varied: a 1-foot, 2-foot, and 3-foot 
cube were used, as well as a 3-foot long (1-foot diameter) cylinder. The impacts were recorded with two 
Phantom high-speed cameras; one located at a 90º angle to the impact, and one at 45º (see Figure 1). The 
cameras recorded video at 6600 frames per second, with a resolution of 800x600 pixels. The intent for these 
experiments was to hold the kinetic (impact) energy per unit mass of the target constant, and analyze whether 
shape or size had an effect on collisional outcome. However, while this was achieved for the 3-foot and 2-foot 
cubes, slightly more energy was delivered to the 1-foot cube and considerably more to the 3-foot cylinder, so 
while direct comparisons between the three cubic target types could be made, only a qualitative assessment of 
the cylindrical target was possible. The fragments were collected post-impact for each of the tests, and the 
fragment masses were measured to derive a mass distribution. For this preliminary phase of the analysis, we 
focus primarily on the most similar experiments: the 2-foot and 3-foot cement cubes. 
                            Table 1. Impact experiment initial conditions for a 1-foot, 2-foot, and 3-foot cement/sand cube, and a 3-foot long cement/sand cylinder. 
Target Type (cement/silica sand) 3’ cube 2' cube 1' cube 3' cylinder 
Target Mass (kg) 1763 523 66 346 
Projectile (1018 steel) Mass (kg) 1.091 1.104 1.095 1.098 
Impact Velocity (km/sec) 1.164 0.626 0.272 1.063 
KE/Target Mass (erg/g) 4.19 x 106 4.14 x 106 6.14 x 106 1.79 x 107 
Largest Fragment Mass/Target Mass (post-impact) 0.125 0.153 0.080 0.047 
 
 
 
 
 
 
 
 
 
 
 
3. Digital Images 
Figure 2 and Figure 3 depict the 2-foot and 3-foot cubic targets before and after impact. The analysis for this 
work is based on the digital images collected by the Phantom camera looking head-on (90º) to the impact event. 
The fast frame-rate of the camera allowed the projectile to be imaged as it hit the target such that the impact 
velocity could be accurately determined. The fragmentation, as a function of time, was clearly captured on the 
images, though the rapidly moving dust cloud produced in the collision obscured some fragments from view. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Picture (left) and schematic (right) representation of the camera set-up and viewing angles. 
Figure 2. The 2-foot cube target is shown as the impact progresses. The projectile is impacting the target from the right in the images. 
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4. Analysis  
4.1. Mass of the Largest Fragment Post-Impact 
The mass of the largest fragment post-impact is a good benchmark for the degree of fragmentation undergone 
by the target, or in a sense, its “impact strength”.                             Table 1 shows this parameter divided by the 
original target mass (referred to as the normalized mass of the largest fragment) for the four impact shots. For the 
three cubic targets where incoming specific energy (kinetic energy divided by target mass) was roughly the 
same, the normalized largest fragments were similar (~0.1, or 10% of the original target mass). Therefore, no 
overt dependence of impact strength on target size-scale was discernable. However, given that inherent cracks or 
flaws are heterogeneously present in the manufactured targets and will influence fragmentation outcome, 
additional experiments should be performed to improve the statistics of the result before definitive conclusions 
are made, and any extrapolation to asteroid size scales is done. 
4.2. Fragment Mass 
Fragment mass distributions for the four target types post-collision are shown in Figure 4. The distributions 
follow a classic two-slope power law behavior, something often observed in the fragmentation of rock targets 
[4]. There are more numerous smaller fragments, with a few large fragments defining the slope discontinuity. 
The mass distributions are quite similar for the 3 cubic targets, with a difference in the behavior of the cylinder, 
highlighting a potential shape effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A “postage stamp” digital region was defined for the preliminary reduction of the images and thirty fragments 
were measured for both the 2-foot and 3-foot cube. Fragments in the lower half of the simulated asteroid were 
unable to move freely, so only fragments on the top half were measured. Also, the camera view limited the 
viewable fragments to those from the half facing the camera. This limited the measurements to 25% of the total 
mass of the simulated asteroid. The total percent volume measured for the 2-foot cube was 21.48 %, and 20.23% 
for the 3-foot cube. This is a significant portion of the possible 25% of the cubes that could be measured.  
This measured mass distribution was compared to the size (mass) derived from the digital images for the 2-
foot and 3-foot cube targets. The size of each fragment was estimated from the images by measuring the x 
Figure 3. The 3-foot cube target is shown as the impact progresses. The projectile is impacting the target from the right in the images. 
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Figure 4. Fragment mass distribution for all four impact experiments. The cumulative number N (representing the number of fragments having that mass or 
larger) versus the fragment mass (normalized to the original target mass) is shown. 
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(“length’) and y (“width”) dimensions when the largest face of the fragment was visible. The measurement was 
taken in earliest frames possible to reduce any distortion caused by the fragment moving toward or away from 
the camera during its trajectory. An estimated volume was calculated by assuming an ellipsoid shape 
(Volume=0.5*x2*y). Assuming a density for the simulated cement/sand asteroid targets of ~3 g/cm3, an estimated 
mass for each of the visible fragments was derived. The calculated mass of the individual fragments correlate 
well with the known masses that were collected at the time of the experiment (see Figure 5).  This exercise was 
necessary in preparation for measuring fragment speed and rotation: digitally derived “mass” could then be 
linked to these parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3. Fragment Translational Velocity and Rotation Rate 
To determine the translational velocity and rotation speed of the fragments, the 90º video was viewed with the 
Phantom Cine Viewer software. Each fragment was designated by the first frame which it could be seen as an 
individual fragment and its x-y coordinates in the video were recorded. The origin was set at the point of impact 
and the software calculated the distance from the origin to selected points along the trajectory of the fragment. 
The visual center of the fragment would be selected, the video advanced by several frames, and the visual center 
would be selected again. The trajectory for each fragment was tracked five times and the velocities for each 
tracking were averaged. The five resulting velocities were then averaged to find the velocity for each individual 
fragment.  
The rotational velocity was determined in one of two ways: if the rotation was mainly in a clockwise or 
counterclockwise direction, the software was used to calculate the rotational velocity at several intervals over the 
course of its trajectory, and the average velocity was found. However, if the rotation occurred primarily on the 
horizontal plane, the software was not able to measure the rotation, and it needed to be done visually. Elapsed 
time was recorded when the fragment passed 90°, 180°, 270°, 360°, and (if possible) 540°. The rotational 
velocities were calculated for each measurement to make sure the measurements were consistent.  
The data tables below (                    Table 2 and                     Table 3) show the fragment designation, the 
estimated volume of the fragment, the percent of the original cube’s volume that this fragment comprises, the 
estimated mass of the fragment (assuming a density of 3 g/cm3), the fragment’s normalized mass (mass of 
fragment/mass of target), the average measured translational velocity, and the average measured rotational 
velocity of the fragment for both the 2-foot cube and 3-foot cube. 
                    Table 2. Data Table for 2-foot Cube. 
2-ft Fragment Est. Vol cm3 % Vol of Cube Est. Mass kg Normalized Mass m/Mt Vel m/sec Rotation r/sec 
T2-858-267-195 11,078.71 4.89 33.24 6.35E-02 2.05 2.01 
T2-834-202-248 9,897.66 4.37 29.69 5.68E-02 2.93 0.67 
T2-904-264-177 7,702.17 3.40 23.11 4.42E-02 2.91 4.06 
T2-819-324-231 4,205.54 1.86 12.62 2.41E-02 1.99 3.37 
T2-807-333-196 2,691.42 1.19 8.07 1.54E-02 3.17 2.73 
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Figure 5. Comparison of measured fragment size distribution (x-symbols) to the values inferred from the digital images for the 2-foot (left) and 3-foot 
(right) cubic targets (filled circles). 
534   Heidi Stange-Love and Eileen V. Ryan /  Procedia Engineering  103 ( 2015 )  530 – 537 
T2-911-298-171 2,318.32 1.02 6.95 1.33E-02 6.09 5.18 
T2-801-320-273 1,820.86 0.80 5.46 1.04E-02 1.60 3.50 
T2-926-218-211 1,738.71 0.77 5.22 9.97E-03 3.03 0.27 
T2-875-289-183 1,699.17 0.75 5.10 9.75E-03 3.90 3.08 
T2-812-340-194 1,328.36 0.59 3.99 7.62E-03 9.78 3.69 
T2-911-310-166 1,157.65 0.51 3.47 6.64E-03 7.89 4.62 
T2-856-355-184 932.96 0.41 2.80 5.35E-03 10.19 3.59 
T2-870-351-187 671.70 0.30 2.02 3.85E-03 9.17 6.78 
T2-905-364-169 362.43 0.16 1.09 2.08E-03 10.74 6.20 
T2-1404-359-123 268.76 0.12 0.81 1.54E-03 3.66 5.67 
T2-825-344-225 136.53 0.060 0.41 7.83E-04 5.00 7.65 
T2-853-361-201 85.14 0.038 0.26 4.88E-04 12.04 15.00 
T2-821-353-269 74.59 0.033 0.22 4.28E-04 8.79 28.10 
T2-798-351-224 74.59 0.033 0.22 4.28E-04 12.23 18.27 
T2-865-372-211 62.69 0.028 0.19 3.60E-04 13.43 5.87 
T2-810-352-230 58.15 0.026 0.17 3.34E-04 10.28 17.27 
T2-810-352-245 45.91 0.020 0.14 2.63E-04 11.79 23.42 
T2-845-363-231 43.03 0.019 0.13 2.47E-04 10.30 20.61 
T2-1175-394-113 41.38 0.018 0.12 2.37E-04 8.93 9.71 
T2-894-361-208 40.18 0.018 0.12 2.30E-04 6.95 8.31 
T2-840-346-211 32.28 0.014 0.097 1.85E-04 5.76 8.13 
T2-871-373-197 29.69 0.013 0.089 1.70E-04 14.11 1.95 
T2-967-436-183 29.67 0.013 0.089 1.70E-04 13.58 27.66 
T2-856-377-217 18.34 0.0081 0.055 1.05E-04 15.55 7.85 
T2-1069-414-156 6.22 0.0027 0.019 3.57E-05 9.42 8.34 
                    Table 3. Data Table for 3-foot Cube. 
3-ft Fragment Est. Vol cm3 % Vol of Cube Est. Mass kg Normalized Mass m/Mt Vel m/sec Rotation r/sec 
T3-713-256-247 46749.55 6.11 140.25 7.96E-02 2.67 0.92 
T3-711-223-295 43260.26 5.66 129.78 7.36E-02 3.21 0.34 
T3-818-296-235 27282.19 3.57 81.85 4.64E-02 2.93 2.27 
T3-818-298-257 5552.32 0.73 16.66 9.45E-03 2.24 2.14 
T3-744-273-287 4681.09 0.61 14.04 7.97E-03 2.48 3.27 
T3-744-295-302 4178.17 0.55 12.53 7.11E-03 2.08 4.68 
T3-738-359-231 3909.21 0.51 11.73 6.65E-03 5.89 3.39 
T3-779-359-291 3224.55 0.42 9.67 5.49E-03 4.18 6.49 
T3-788-339-281 2991.03 0.39 8.97 5.09E-03 3.22 3.39 
T3-814-322-261 2794.48 0.37 8.38 4.76E-03 3.18 4.16 
T3-820-360-219 2781.29 0.36 8.34 4.73E-03 7.41 2.82 
T3-964-391-217 1149.40 0.15 3.45 1.96E-03 7.20 6.22 
T3-797-362-232 1092.26 0.14 3.28 1.86E-03 6.70 3.35 
T3-1020-426-229 945.03 0.12 2.84 1.61E-03 6.40 6.42 
T3-710-370-250 709.73 0.093 2.13 1.21E-03 7.55 2.35 
T3-751-373-257 668.10 0.087 2.00 1.14E-03 6.99 5.78 
535 Heidi Stange-Love and Eileen V. Ryan /  Procedia Engineering  103 ( 2015 )  530 – 537 
T3-782-267-250 647.94 0.085 1.94 1.10E-03 2.30 3.80 
T3-792-369-267 479.94 0.063 1.44 8.17E-04 5.91 4.58 
T3-792-358-255 420.71 0.055 1.26 7.16E-04 7.25 4.98 
T3-713-375-296 324.35 0.042 0.97 5.52E-04 11.13 11.08 
T3-971-432-234 167.00 0.022 0.50 2.84E-04 9.64 11.43 
T3-792-371-241 150.02 0.020 0.45 2.55E-04 7.61 5.59 
T3-1030-401-237 133.31 0.017 0.40 2.27E-04 5.38 6.03 
T3-739-390-286 86.88 0.011 0.26 1.48E-04 12.69 10.60 
T3-754-388-277 86.67 0.011 0.26 1.47E-04 10.35 9.51 
T3-786-377-250 83.18 0.011 0.25 1.42E-04 8.85 5.91 
T3-981-412-219 67.45 0.0088 0.20 1.15E-04 7.67 4.62 
T3-758-388-278 18.71 0.0024 0.056 3.18E-05 10.33 12.79 
T3-763-403-283 13.24 0.0017 0.040 2.25E-05 15.41 14.37 
T3-753-382-272 11.34 0.0015 0.034 1.93E-05 10.25 16.53 
 
We began by looking at translational velocity vs. the relative mass of the fragments, and comparing the 
fragments from the 2-foot and 3-foot cubes. Figure 6 (left) shows a similar distribution for the two cubes, though 
the 2-foot cube fragments have a slightly higher trend. 
Next, we compared the rotational velocities vs. the relative mass of the fragments from the 2-foot and 3-foot 
cubes. Figure 6 (right) shows that the rotational velocities for the more massive 2-foot cube fragments have a 
similar distribution as the 3-foot cube fragments; however, many fragments that have a mass between 0.26 kg 
and 0.13 kg have a significantly higher rotational velocity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data derived for asteroid rotation rates [5] have noted that asteroids smaller than about 200 m in diameter tend 
to rotate faster than larger asteroids. This dependence is influenced by the collisional evolution of the asteroid 
over its lifetime, but we can definitively state that we also observed a subset of very fast, small rotating 
fragments in the laboratory experiments. Further, we note that a significant fraction of these fragments did not 
exhibit principle axis rotation but were instead tumbling, which was also observed by Giblin and Farinella [6]. 
This fact is important because we can infer that both fast rotators and tumbling behavior can be observed as a 
direct consequence of a collisional event, and though further evolution can affect this behavior, it can be thought 
of as potentially primordial. 
Fragments that showed tumbling behavior did not appear to occur equally throughout the targets. Fragments 
that originated around the edges of the targets showed very little tumbling. They were “peeling away” from the 
impact point, and continued rotating along the same axis throughout their trajectory. Some fragments that 
originated from the surface and interior of the targets near the impact would display tumbling, while some 
displayed continued rotation along a single axis. Overall, it appeared that the only tumbling fragments were ones 
that were traveling at an acute angle from the impact point.  
Figure 6. Comparison of the distribution of translational velocity vs. normalized mass (left) and rotational velocity vs. normalized mass (right), comparing 
the 2-foot (circles) and 3-foot (triangles) cube fragments. 
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4.4. Direct comparison 
Figure 7 is a side-by-side image of the 2-foot cube and 3-foot cube, taken 0.06 seconds from the time of 
impact for each cube. The figure shows that, although the pattern of fragmentation (including relative size of the 
fragments) is very similar, the fragmentation of the 2-foot cube appears to have an overall higher translational 
velocity than the 3-foot cube (compatible with the data in Tables 2 and 3). The 2-foot cube fragments have 
traveled a greater distance away from the cube in the same amount of time.  
 
 
 
 
 
 
 
 
 
 
 
 
Comparisons were also made between a subset of correlated fragments from the 2-foot and 3-foot cubes. Ten 
pairs of fragments were matched for similar starting locations in the cube, similar angles of translational 
velocity, and similar relative mass.                                            Table 4 lists the paired fragments, and compares 
their normalized mass, average translational velocity, and average rotational velocity. In these selected pairs, the 
larger fragments of the 2-foot cube (T2’s) have a slower translational velocity than the 3-foot cube (T3’s). Again, 
the fragments that have a mass smaller than 0.26 kg in the 2-foot cube have a significantly higher rotational 
velocity. Figure 8 shows the labeled fragments that were used in the direct comparison. The image for the 3-foot 
cube was taken at a later time-from-impact so that all fragments could be seen.  
                                           Table 4. Comparison of fragments from the 2-foot and 3-foot cube, paired for similar initial position, mass, & ejection angle. 
Pair Fragment Normalized Mass m/Mt Velocity (m/sec) Rotation (r/sec) 
1 
T2-858-267-195 0.06355 2.04884 2.00569 
T3-818-296-235 0.04642 2.92974 2.27171 
2 
T2-834-202-248 0.05677 2.92697 0.67376 
T3-711-223-295 0.07361 3.21296 0.33669 
3 
T2-807-333-196 0.01544 3.16826 2.72572 
T3-738-359-231 0.00665 5.88948 3.39018 
4 
T2-911-298-171 0.01330 6.08769 5.17584 
T3-820-360-219 0.00473 7.40995 2.81674 
5 
T2-911-310-166 0.00664 7.88821 4.62087 
T3-710-370-250 0.00120 7.55098 2.35343 
6 
T2-905-364-169 0.00208 10.73968 6.20208 
T3-797-362-232 0.00186 6.70160 3.35435 
7 
T2-810-352-245 0.00026 11.79487 23.41859 
T3-971-432-234 0.00028 9.63701 11.42576 
8 
T2-845-363-231 0.00025 10.29713 20.61383 
T3-1030-401-237 0.00023 5.37718 6.03385 
9 
T2-967-436-183 0.00017 13.57744 27.65983 
T3-739-390-286 0.00015 12.68650 10.60289 
10 T2-871-373-197 0.00017 14.11001 1.94801 
Figure 7. Side-by-side images of 2-foot cube (left) and 3-foot cube (right) impacts. Both images are taken 0.06 seconds from the time of impact. 
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T3-754-388-277 0.00015 10.34600 9.51418 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusion 
These experiments did not reveal a statistically significant difference in impact strength between the three 
cubic targets. However, additional experiments need to be done to refine this observation. Another question 
investigated with this experiment series was whether the translational and rotational velocities would be similar 
for different sized simulated asteroids if the relative impact energy remained the same. A comparison of the 
images and the measured fragment masses shows that the targets fracture in very similar ways. For the larger 
fragment masses, the translational and rotational velocities are very comparable between the 2-foot and 3-foot 
cubes. Once the mass of the fragments become smaller than approximately 0.26 kg, the fragments from the 2-
foot cube have a much larger rotational velocity, even though the translational velocities remain similar. This 
continues to support previous findings regarding distributions of mass and velocity (Holsapple et al. [1]). The 
data shows that the rotational velocity of the smallest 2-foot cube fragments are dissimilar to the distribution of 
the 3-foot cube fragments. This could be a valid observation, or it could be an artifact of the difficulty of 
measuring the apparent rotation of fragments of that size at a resolution of 800x600 pixels.  
There has been very little reported evidence of fragment tumbling in the past (Holsapple et al. [1], Giblin and 
Farinella [6]), but tumbling fragments were clearly observed in both the 2-foot and 3-foot fragmentation events. 
Further investigation is warranted to more completely categorize the axis of fragment rotation with regard to 
initial position from the impact point and the angle of travel. Additional reductions that incorporate the 1-foot 
cube also need to be done to complete this study. 
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